Introduction: A unilateral neurectomy model was used to study the relationship between histologic and ultrasonographic tissue characteristics during muscle atrophy over time.
Introduction:
Diagnostic imaging modalities are at the forefront of the emerging field of non-invasive tissue characterization and offer expanding potential as a non-invasive way to assess muscle. There is need for detailed study of the relationship between the histologic and ultrasonographic findings of muscle tissue in health and disease. In neuropathic conditions, the ultrasonographic appearance of muscle has been characterized as having increased echogenicity, while with certain myopathies no such change is observed. 1 The reason(s) for altered appearance of muscle under conditions of neurogenic atrophy are understood incompletely. Several authors have hypothesized that the increase in echogenicity is the result of fat and fibrous tissue infiltration. [2] [3] [4] [5] Isolated attempts have been made to correlate muscle echogenicity and histologic parameters with mixed results; the relative effects of fat and collagen content have been inconsistent in the models studied.
Muscle biopsy, together with functional assessment tests, genetic testing, and/or electrodiagnosis, is the gold standard diagnostic test for many neuromuscular conditions. However, there are certain clinical situations in which biopsy, direct functional assessment, and electrodiagnosis can be neither practical nor desirable.
These include situations where: 1) muscles have limited anatomic access, such as ocular muscles; 2) muscles are very small and make biopsy difficult or excessively invasive; 3) muscles could become unduly scarred by the procedure, thereby influencing muscle function; 4) muscles have already been biopsied and require noninvasive monitoring over time; 5) situations in which electrodiagnostics are undesirable for technical, anatomical, or patient-related reasons. Therefore, the use of non-invasive testing, such as ultrasonography, to predict muscle tissue composition has broad potential to provide for early diagnosis and long-term monitoring.
In horses, an idiopathic condition termed recurrent laryngeal neuropathy (known as "roaring") with a unilateral clinical presentation is a common disease of the laryngeal muscles. [6] [7] [8] [9] In affected animals, primary axonopathy of the recurrent laryngeal nerve leads to secondary neurogenic atrophy and dysfunction of the intrinsic laryngeal muscles. The use of ultrasound to assess the laryngeal muscles in horses has emerged as a more accurate technique than resting functional assessment using upper airway endoscopy for diagnosis. [10] [11] [12] Furthermore, the use of quantitative ultrasonography appears to allow stratification of disease severity. Developing this technology as a screening test for roaring in horses, or neuropathic disease in humans, requires expanded understanding of the corresponding histologic alterations that correlate with a change in muscle ultrasonographic appearance.
The aims of this work were: 1) to correlate the ultrasonographic appearance of the intrinsic laryngeal muscles with the histologic characteristics at serial time points following neurectomy and 2) to determine the severity of corresponding histologic lesions necessary for detection of ultrasonographic abnormalities.
We developed 2 hypotheses: 1) the mean pixel intensity of ultrasonographic images of muscle would correlate with 1 or more of the following: mean fiber diameter, fiber density, collagen content per unit area, fat content per unit area, and muscle fiber type;
and 2) the muscle appearance grade (a semi-quantitative score) would correlate with 1 or more of the following: mean fiber diameter, fiber density, collagen content per unit area, fat content per unit area, and muscle fiber type.
Materials and Methods: Subjects
A total of 28 Standardbred horses with a mean age of 4.2 years (range 2-8 years)
comprising 17 females and 11 gelded males were included for study. The horses included were free from RLN as determined by resting and exercising upper airway endoscopic examination, normal baseline laryngeal ultrasonographic examination, and lack of clinical signs of roaring. They were assigned in groups of 4 to subgroups based on the length of time following neurectomy: 4 weeks, 8 weeks, 14 weeks, 18 weeks, 24
weeks, 28 weeks, and 32 weeks. The study was approved by the institutional Animal
Care and Use Committee of the University of Guelph.
Neurectomy procedure
With horses under general anesthesia, a 2cm section from the mid-cervical region of the right recurrent laryngeal nerve was removed at time = 0. Each cut end of the nerve was ligated with 00 polypropylene suture to prevent axonal regrowth. Upon recovery from general anesthesia, resting upper airway video endoscopy was performed to confirm complete right laryngeal paralysis. Horses were treated post-operatively with 1g phenylbutazone orally twice daily for 3 days and 22mg/kg trimethoprim sulfa orally twice daily for 7 days. Incisions were monitored daily for heat, swelling, pain, or discharge. Skin staples were removed at 14 days.
Ultrasonography
Ultrasonographic imaging was focused on bilateral (left and right sided) assessment of 2 intrinsic laryngeal muscles: the lateral cricoarytenoid (LCA) and the posterior cricoarytenoid (PCA) muscles. Images of the LCA were performed using a GE Logic 5 ultrasound machine (GE Healthcare Inc, Bothell, WA, USA) and 8. 
Muscle ultrasonographic image analysis
Two methods of ultrasonographic image analysis were used: a semi-quantitative grading scheme, termed the muscle appearance grade, and a quantitative measure of mean pixel intensity. The ultrasound images were converted to JPEG format, randomized, and all identifying data were removed. A previously described muscle appearance grading scheme was applied. 13 The grading scheme consists of grades 1-4 as follows: grade 1, normal muscle appearance as determined by visibility of muscle fiber pattern and isoechoic appearance to ipsilateral thyrohyoid muscle; grade 2, overall slightly increased muscle echogenicity relative to the ipsilateral thyrohyoid muscle; grade 3, non-uniform heterogenous muscle echogenicity with only slightly increased overall echogenicity; and grade 4, both heterogenous echogenicity and readily apparent overall increase in echogenicity. 13 Ultrasonographic muscle appearance grades were assigned over a 6-week period by an experienced observer (HC) who had knowledge of the project but was blinded to the identity of specific images (neurectomized vs. control side, time since neurectomy). Each image was evaluated 3
times with a minimum of 1 week between observations, and the most commonly muscle from each horse, the mean minimum fiber (Feret) diameter was calculated. 16 The proportion of lipid within each image was calculated from the ORO-stained sections. Two selected images from each muscle were captured using an Olympus BX41 microscope x10 objective, and TIFF images were exported into Velocity software (Volocity software, PerkinElmer, Cambridge, UK) for analysis. Color discrimination thresholding was used to identify the orange stain corresponding to the fat within the muscle. A binary image was created and used to measure the pixel area. The percent pixel area of ORO-stained lipid was calculated from the mean value calculated for each image for each muscle total pixel area.
Percent collagen per unit area was calculated from the collagen V immunofluorescence images. Two selected images from each muscle were captured using a Leica Ltd., Buckinghamshire, UK). Background correction was performed using Volocity (Volocity software, PerkinElmer, Cambridge, UK) software. The corrected TIFF images were analyzed with Volocity (Volocity software, PerkinElmer, Cambridge, UK) software to discriminate the pixels related to collagen immunolabelling. The percent collagen per unit area was calculated from the mean of the total pixel area of each of the 2 images for each muscle.
Fiber type proportions were determined by manual counting for all horses by examining 2 selected images for each muscle. Each fiber type was identified by the color of the emitting fluorescence that were pseudo-colored by the image analysis software as blue (type 1), orange (type2a), and red (type 2x). The few fibers that were identified as hybrids were assigned to whichever myosin heavy chain isoform was mostly strongly expressed for the fiber. The proportion for each fiber type was then calculated as a percentage of the total number of fibers counted per muscle.
Statistical analysis
The correlations between histologic parameters and ultrasonographic muscle appearance grades were assessed with Spearman correlation coefficients. The relationship of the histologic parameters to ultrasonographic muscle appearance grade was also examined using a generalized linear mixed model, with the histologic outcomes as the dependant variable. Residual analyses were performed to test the model assumptions; these were that the errors were normally distributed, The observed changes in each histologic parameter over time are shown in Figure 4 .
Histologically, alteration in minimum fiber diameter was the earliest finding following neurectomy. The earliest time points (weeks 4 and 8) already showed statistically significant alterations in minimum fiber diameter in the right LCA muscle compared to the left LCA muscle ( Figure 3A) . This was followed closely by significant differences in collagen content between the right and left sides, which were first apparent at 8 weeks post-neurectomy for both the LCA and PCA muscles (P=0.029) ( Figure 3B ). For fiber density, however, a significant increase was not apparent until 14 weeks postneurectomy in the right LCA muscle compared to the left (P=0.001) ( Figure 3C ) and until 18 weeks post-neurectomy in the right PCA muscle compared to the left (P=0.043) ( Figure 3C ). The alterations in fat content were relatively minor for most of the study period, with some significant differences in fat content between neurectomized and control muscles becoming apparent in the LCA muscle, but not the PCA muscle, late in the study period at 28 weeks ( Figure 3D ).
Changes in the fiber type profile of the 4 intrinsic laryngeal muscles over time following neurectomy are shown in Figure 5 . The fiber types identified included types 1, 2a, and 2x. There were significant differences in the proportion of all 3 fiber types observed when right (neurectomized) and left (control) sides were compared, but fiber type profile did not change as a result of the time horses were neurectomized (Figure5).
The LCA and PCA muscles that had abnormal ultrasonographic muscle appearance grades were noted to exhibit corresponding histologic changes, including significantly reduced minimum fiber diameter, increased fiber density, increased collagen content, and increased fat content compared to muscles that had normal appearance grades.
The correlation between ultrasonographic muscle appearance grades and muscle histologic characteristics over time is shown in Table 1 . Collagen was the earliest histologic parameter to have a significant correlation with an abnormal muscle appearance grade, which occurred at week 8 and continued to be significantly correlated with muscle appearance grade for all subsequent time points ( Table 1 ). The magnitude of this difference was generally lower than that of minimum fiber diameter (Table 1) . Both minimum fiber diameter and fiber density were significantly correlated with muscle appearance grade by week 14. For both parameters, the correlations were strong ( Table 1 ). The fat content of muscle was not significantly correlated with muscle appearance grade until week 28, at which time the correlation was weak ( Table 1 ).
The differences in collagen content, fat content, minimum fiber diameter, and fiber density among the 4 ultrasonographic muscle appearance grades were examined using a mixed model. The odds ratios for all pairwise comparisons between muscle appearance grades are shown in Table 2 . Significant differences were noted between all 4 muscle appearance grades for all parameters except fat content ( Table 2 ). The fat content of muscle was only significantly different for muscle appearance grade 4 when compared to all other grades (Table 2 ).
In addition to the correlations between histological parameters and ultrasound grading, a relationship with the objective ultrasound data of mean pixel intensity was also noted.
Due to the biologic interrelatedness of the parameters of MFD, fiber density, and collagen content, multivariable analysis was necessary to identify which variable(s) remained statistically significant in the most parsimonious model for the objective parameter of mean pixel intensity. Therefore, a generalized linear mixed model was used to relate mean pixel intensity to the various histologic findings. From this, muscle (P=0.0015), and side (P<0.0001) were always significant as main effects and were kept in the model throughout. Gender was not significant and was removed from the model.
The histologic parameters tested as independent variables were collagen content, fat content, fiber density, and minimum fiber diameter. A stepwise approach with both forward and backward elimination was used, and due to co-linearity, all pairwise comparisons were tested and were applied to the model in different sequences. Two significant interactions were identified; the interaction of collagen and minimum fiber diameter (P=0.0211) and muscle and minimum fiber diameter (P=0.0028) were both significantly associated with mean pixel intensity. From these various iterations of the generalized linear mixed model, only minimum fiber diameter was significant as a main effect in the model (P=0.0024).
Both the subjective ultrasonographic grading technique and the objective assessment of mean pixel intensity consistently identified atrophy of the laryngeal muscles. The odds of identifying a significant difference between the neurectomized (right) muscles compared to the control (left) side at each time point are listed in Table 3 . At the earliest time point of 4 weeks, the odds of the neurectomized (right) LCA being deemed abnormal were significantly higher than the left, as were the odds of the MPI of the right LCA being significantly higher than the left. For the PCA muscle only the objective measure of MPI was significantly different between the right and left sides. However, for the PCA muscle the odds of the neurectomized (right sided) muscles being graded as abnormal compared to the control (left) side showed a trend towards being significantly at 4 weeks and reached significance at 8 weeks post-neurectomy (Table 3) .
Discussion
In this work, the relationship between ultrasonographic appearance of laryngeal muscle included reduced minimum fiber diameter, increased collagen content, increased fiber density, and as a later change, increased fat content. These findings are similar to those reported in horses with recurrent laryngeal neuropathy, which has been characterized to involve progressive alterations in fiber diameter and deposition of fibrous connective tissue and fat. 8 In contrast to clinically affected horses, this model had uniform fiber atrophy, while in horses affected with recurrent laryngeal neuropathy there is a mixed denervation-reinnervation process which results in greater fiber size 8 Based on our findings, we conclude that there is little to no correlation between fat content and the ultrasonographic characteristics of neurogenic atrophy of laryngeal muscles in the time frames examined. Yet, in other models of muscle disease, fat content correlated significantly with muscle echointensity. 3 The differences between previous studies and our results might be due to different stages of disease within the muscle, the uniformity of the denervation, the resistance to denervation of respiratory muscles, and/or different underlying disease processes. The lack of correlation between fat content and muscle ultrasound characteristics in this study might also be because of the low amount of fatty deposition.
The identification of significant differences in the ultrasonographic parameters prior to onset of fatty deposition confirms that other key tissue characteristics affect muscle echogenicity. This result might have particular relevance to assessment of neuromuscular conditions with minimal fatty deposition, especially in early disease stages.
The finding that increased collagen content was the earliest tissue parameter that correlated with ultrasonographic changes in muscle should be interpreted with caution.
The concept that atrophied muscle has increased collagen content is widely accepted, yet what is less clear is whether this represents de novo collagen being added to muscle tissue in response to atrophy or existing collagen becoming a more predominant component of tissue due to a reduction in myofiber size. It is likely a combination of these factors, and substantial inter-relationships between minimum fiber diameter, collagen content, and fiber density exist. Specifically, both minimum fiber diameter and collagen content may reasonably be expected to change together, because a reduction Muscle & Nerve in minimum fiber diameter would be expected to increase collagen content per unit area even if de novo collagen was not synthesized. Similarly, fiber density will increase as minimum fiber diameter decreases. Therefore, minimum fiber diameter, fiber density, and collagen content may act in concert to affect muscle echointensity. Interestingly, minimum fiber diameter, but neither collagen nor fiber density, was found to be a significant main effect when the outcome of echointensity was modelled statistically.
When all possible interactions between the histologic variables were tested, collagen was only found to affect muscle echointensity through its interaction with minimum fiber diameter. Minimum fiber diameter has not been assessed as a predictor of muscle echogenicity in the past. Therefore, the concept that an increase in muscle echogenicity is more attributable to changes in fiber size than actual collagen content is a new finding. It is unclear if this is a unique feature of laryngeal muscles or whether it could be applied more broadly in other skeletal muscles. We speculate that observed increases in muscle echogenicity accompanying progressive muscle atrophy may be due to an increase in the number of acoustic barriers encountered by the ultrasound beam when it traverses muscle with reduced fiber diameter.
The finding of early changes in semi-quantitative ultrasound parameters (muscle appearance grade) occurring concurrently with the changes in subjective ultrasound parameters (mean pixel intensity) was somewhat unexpected. Previous work has touted the strengths of quantitative ultrasound, concluding that quantitative means offer superior sensitivity and specificity in differentiating normal from diseased muscle. [17] [18] [19] Previous reports of muscle grading with ultrasound have used a scheme described by Heckmatt. 2 This method is limited, because it emphasizes muscle brightness and does not take other aspects of muscle appearance into consideration. In particular, heterogeneity and echo-texture were not assessed. Furthermore, the Heckmatt scheme uses the long bone echo as a referent for the entire scale; grades are assigned as the long bone echo becomes increasingly less apparent. This limits the clinical application to anatomic locations in which a bone echo is present on the image.
Furthermore, it is possible that muscle appearance could be altered without disruption of the underlying bone echo, especially where the muscle becomes more heterogenous without necessarily having an overall increased reflectivity/echogenicity. Based on these limitations, we developed a novel grading scheme for laryngeal muscle neurogenic atrophy. The fact that this system was tailored to detect the spectrum of findings we have come to expect in equine laryngeal muscle atrophy might explain its superior performance. Yet, if the muscle appearance grade is an appropriate substitute for the quantitative measure of mean pixel intensity, then it could be expected that suitable grading schemes could be developed for other important neuromuscular conditions. Grading schemes are more flexible than quantitative measures, because they do not require equipment standardization. Grading systems are also faster, as the muscle can be graded during the examination process without the need to export images and utilize additional software.
Some limitations of methodology used here are evident. Samples were collected at approximately 4 week intervals. Therefore, changes occurring on a timeline that is shorter than 4 weeks were not captured in these data. Furthermore, each group consisted of 4 individuals. Thus it is possible that the study is underpowered to identify certain changes, and areas where no significant differences were identified should be interpreted with caution.
In conclusion, the ultrasonographic appearance of muscle is affected primarily by mean fiber diameter and concurrently by collagen content in this model. Even in the absence of fatty infiltration, ultrasonographically-detectable changes exist in muscle. Both muscle appearance grade and mean pixel intensity are effective means of identifying muscle neurogenic atrophy. When considering the ability to detect subclinical muscle disease, ultrasonography offers promise as a screening test for early neuropathic change. Ultrasound is an ideal screening tool, as it is highly accessible, without risk to the patient, low cost, and can be performed by a variety of operators. These findings reinforce the strong potential of ultrasonography for assessing muscle in health and disease for veterinary and human medical applications. sides, seen as a greater proportion of for fiber type 1 (P<0.0001) and a reduction of fiber types 2x (P=0.021), and 2a (P=0.027). Significant differences exist between PCA and LCA muscles, seen as a greater proportion of fiber type 1 (P=0.014) and a lesser
